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cana The. ‘extencmisleng! properties of the muoleus are Aaoueed ond 
the importance of accurate measurements of these properties an tents 
ing future nuclear theories is pointed out. The various methods used 
to measure one of thase properties, the meclear mgnotic moment, are 
desoribed,. 

Wuelear nagnetie moments /+, of Nitrogen”, ohiorine??, and 
Indium! 25 were measured by means of a ragnetic resonance spectrometer 
of the super=regonerative type. Improvements of the modulation 
methods and of the magnetic field homogencsity of the spectrometer 
previously employed are discussed. 

The values obtained for the various , were 


f+ par) (040361 t 000002) +, 
f y(0¥9T) ~—- (0.683722 t 0,000048) +, and 


(In) (5450945 2 0.00015) H6 


These results are observed to compare aatisfactorily with those 
previously obtained by investigators at Stanford using another type 
of menetic resonance spectromter. Results obtained by these 
nethoda in the eases of In)? and In’)? are seen not to agree with 
those obteined by the atomic beam method. An explanation offered 
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by Foley for this lack of agreement is summarized. 

The results are further compared with those predicted by the 
Schmidt equations and by using in these same equations the value of 
the angular momenta of the odd proton for 61°! and In!) obtained 
from maclear shel theory. A discussion of the relationships between 
/’; and the miclear quadrupole moment Q is also given with the conelu- 
sion being reached that to date no theory has yet been successful in 
establishing any important relationships between these two quantities. 
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“Ie”  INPRODUOTION 


The present status or the beggeney A of the atomic mic leus is roughly 
comparable to that of the extra=nuclear atom circa 192 by which time 
a mass of spectroscopic and x-ray data 1 been aasembled and a number 
of onpirical relationships eatabliqned, yet a eats sfactory model of 
the electronic configuration had not been proposed. pion within 
the ensuing few decades this vooth of a guftiged to produce firet 
the Bohr nodel of the hydrogen | shiek ond later the Lande vector model, | 
the concept of closed electronic shells and the introduetion of elec- 
tron and nuclear spins, all of which contri buted greatly to the expla 
nation in classical or aoni~classical concepts of 8 great may of the 
phenomena uaeaves nye! bound electrons. The later of thease 
developments were more or Lees paralleled by as Brogite's proposal, of 
the wave nature of matter in 1925 and ths deve lopment of matrix mech- 
anios ona wave nechantes by Hessenberg and Sehroed inger, respectively, 
within the following one or two years. 

_ The status of the cheery of the ate pr is today cates sim 
iler to the above situation, The data aveembled by a host of experi- 
nenrtete in recent years relative to vag tone enorgy levels has, partic- 
ularly with the aid of wave mechanics, enabled physicists to offer a 
certain number of fairly plausible explanations of basis miclear phe- 
nomena, ven so, many other basic phenomena are not yet adequately 
explained and no theory a proposed appears to hold forth very sreat 
ousslivations: One of the new attempts ‘ws systematize the prediction 
of miclear properties is the fairly recently proposed theory of closed 
shells in miclei, but this theory as yet has produced certainly no 
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more than a limited mumbeF of satisfactory predictions of nuclear 
properties. 

ne One of the axes’ handicaps axffered by the  sueiene physicist is 
the aiertoulty he encounters in trying to obtain accurate date per=_ 
taining to mo lear energy levels, Fairly precise measurement of ‘alba 
particle energies is difficult, but veally accurate measurement of ' 
beta poriiqle, gemma rey, and neutrgn energies presents even greater 
problems, whereas the measurement of mony of the lowor energy -Phenone 
ena As _nOM, perhaps, asepest its waeets in bend eases the experi~ — 
nanter ia greatly handicapped ‘by mo being able to identity accurately 
the miclide from which Phenomena involving : radioactivity originate. 

in comeaat, to this general eloud of less than moderate accum — 
racy whieh surrounds quantitative neasurenenta of miclear, phenomena, " 
tnamy a? Seren ouecerah le gee istee ti te ae ieee eieteat te 
frequently eg ‘oxtee-ameleoy properties" which are capable of being 
nenauyed with remarkable precision using techniques now available. 
These are the properties of moclear charge, maclear mass, nuclear 
spin, miclear magnetic moment and, to a less accurate degree of moas- 
uremont, the miclear quadrupole moment. The nuclear charge for those 
elenente occurring naturelly on earth has already bean completely 
determined in terme or the elegtronig charges It may reasonably be 
expected that any satisfactory theory of the nucleus mst account 
hogentnty and aoqurately for all of those oxtra-miclear properties 
as a first test because of the superior accuracy of date assembled or 
being assembled relative to these properties. 
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ageurssy with whieh Avogadro's masher has been deterained. lowever, 
relative mse deterinations mide with the rass a-ectrocraph my be 
obtained acsurate to one part in fifteen thousand tn the ease of — 
light atoms end to one mart tm ten thousand for atoms of preater mas 
rumbers } This asourney te gatfiolent to nonsure mnse chances in all 
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le Mnlliday, De Introductory Mugloer Liyeies, New Yor: John Wiley 
& flona, 1950, pe BG, 
By the use of Zinstein*s forma for the equivalence of race and enercy 
ofe cen from mass apectrograrhie data obtain the enorgics involved in 
& great manber of misicer reaction. 
(>) Suclesy Spin 

>» Muglear apin ms firat oroposed by Pauli in 1924 to explain 
hyperfine etructures (axcludin: inoteple effeet) by ancuming that the 
rmeleus posecesad a magnetic sonment wiileh perturbed the motion of the 
orbital ¢lectronss” Sot until 1996, however, wien Goudent end 
FSP RS Nn Om RC ORR AE ORI ETT OS A NST SOO IO A AED Nh teen AA AN RE RR RY MAG aan BN am ny 
Qe Paul, We Zigturwies 12 742 (1024). 
Uhienbesk pave adequate explanation of the ponaibilitics sf asceunt~ 
ing for Cine structure in etorioe aprotra by asaienine to the eleotron 

5 


gs vonbitt of 
wet ‘eee ant « 


we. 4 


ere et ee 
| it ne cod ott 


© een sich Agee 
the eda song's 


pbeicbe: ee dey wemmslencaed ‘Ear: mie 


comin pane aes etn Ww | 


<i paleeats “beaiiy ; | 
wid fats gntmaone “ed at i i rite esti 
ect x0 bon "ide "adi Sel Slain tates | 
eaapegpenean ttt seteitonte Lat ideo 


+ offi 

‘ fmapebe over, “eodno ltl 

astoels ei of rise as Beisdinite emit +02 pnt 
. 


on tnneweins oie or ¢ (Hi) ana 1% beeone evident thet nuolesr epin 
might indeod explain certain hyperfine atructuross, eine the soncept 
of opnee quartiaation of the molear erin veeter together vith the 
vector sodel of the oxtraemolesr atom ons could astertain that the 
frhorens vert of the muelear angular somentuc micht be determined 
merely from the morrber of hyperfine ¢omponente in a spectral line. 
This inherent or sofn anlar eonentum of the moleus te given by 
L(#e) » weer tf ealted the “meloar etn" and has sero, ine 
terral or helfinterral waluem, For o civen rucleus in the ground 
state I hae w fined valieg® one tapmstio Meee 

iiciias uaheah iit Aateaitnban miata tes iadimiines by obe 
serving the option! spectra of dietorte moleoules containing tdenti+ 
OAl molet, for in aceh apectra there is an alternation of Intensity 
in the band specton an the ratio of (toD/CaJe | Thue the eoacurenent 
Of relative intensity of e!ternsts lines tn ban! spectre of beeen 
@iatomié relesulee can be used to deterstns mmeloet sein, 

The investiontion of maclear spine haa revealed that spine of the 
eléwentery miclorr rerticles, seutrans and protone, in the cround 
State have opin anlar momentum values 6f | (&)3 PurtheProre the 


*The lengthe oi thie bin siea solaris the eleatronie ‘spin enculor 
nomena yeqters are shown hy the wave moohanies to hive the magnitudes 
J 2(r+2) ont Ye(ol), rejintwig te units of (%). However, the 
maximum pro jeeted nara they tmy pogeece in ary apreified direstion, 
any, thet determined by arent eagnetio field, are T and G. 
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de Lomb, Me8e, ond Rotherford, A.Ge Lhyee Reve 72, 241 (1947). 

Dy analogy with that of the eleotron it uicht appear thet the 
cammetic moment of the proton due to ite spin should be Ay mo: tye 
whore 1 ie the mags of the proton and #y the epin anquler moment. 
If this prediction ware correet the preten would have @ cagne*tic 
somemt roughly one twoethousnndth that ef the eicetrery eines both 
particles have epin £(% im the ground estates Although thio anale 
ogy is not borne out by exveriment, it io nevertieless convenient to 
rgacure puclear magnetic coments in units of | 
The unit ,. is called the nuclear macneton. Since melear sagnetic 
moments 44ffer only in cagnitude anf possibly sign from the predietion 
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deuteron, a differenge of 0.02250, which may be considered precise 
to Oe5%- Thus the lest equation is not true. Theoretical explanations 
for this differenee have been offered mt the problem can by no means 
be considered completely solved. Nor has any aceeptable theoretical 
justification yet been proposed for the values obtained by experiment | 
for the magnetic moments of the proton and the neutron nor for any 
compound nue leus when its spin ia other than 260s For most nuclei 
with higher mass numbers and non-zero spin it is usually ingagnte to 
prediet even approximately the magnitudes of their magnetic moments » 
Present techniques: for measuring relative reagnetio moments of 
nuclei eorm:-only give an accursey of five or six significant fipures. 
This seshouad of measurement is rivaled only by those made with the 
mags spectrograph, so it is hoped that melear magnetic moment deter= 
minations may in the future prove to be of as great or greater value 
in the formulation of melear theory as relative mes determinations 


have been in giving to us our present lnowledge of sna lence forces. 
(a) Nuclear Quedrupole Moment 


The melear quadrupole moment is a monsure of the extent by 
whieh the eharre of a mueleus varies from spherical syrmetrye The 


expression for the quadrupole moment way be obtained briefly in the 


following nanners® . 


Se Halliday, D. Introductory luelear Phystog. New Yorks: John Wiley 
& Sons, 1950, pps 59-63- 
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Ifa point in spaces is chosen as an origin and from there a 
straight line is draw as a reference axis, the expression for the 
scalar potential at points along the axis due to a finite number of 
discrete point charges near the origin can be obtained ae a function 
of R, the digtanee on the axis from the origin. ‘This scalar potential 
@ can always be expressed by means of the series 

p= Cc, Pope R*+¢; Reg RT b Rea, 


in which Cn is the component of “ slectrica] multipole moment of 
onler on-l for the particular confi curation, wee 5 and direction. 
In the above series the quadrupole term ‘ie therefore seen to +.) Yepre- 


‘In melei the disereth charges are | protons, axl the miclear 
center of mass and the axis of moclear spin are taken as the origin 
ont the reference axis, respectively. 

If the Messate systen of charges is changed to a continuous 
charge distribution of wnlfevh denulty 5’ ith pinbad of Gaves Weeee 
where near the origin, one obtains as the expreasion for the scalar 
potential the series | 

d= Rfffsade + R~*S f(a Sau + Rf «3 37-2 )Sdort Var 
In this equation "a" is the radial distance of the volume element, 
dv, from the center of the charge distribution, end 2 ig the compo- 
nent salons the taken oxhs of the radius vector from the origin to the 
vo lume element The magnitudes of the various order mltipole terms 


give indications of the distribution of charge about the parttouler 


origin and axis of reference. 
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The dipole teym will always be zero for any charge distribution 
possessing mirror symmetry about a plane perpendicular to the axia and 
passing through the origin. ‘The ‘d4pole term ia zero for all melei. 

“ueled with zero spin heve no preferred axis, ao the charge digs- | 
tribution is effectively symetric with Ahe result that gueh nucle 
do nob.pesseas quadrupole moments. ‘ave mochanias can be used to 
prove thet the quadrupole moment ia zero also when the nuclear spin _ 
hag the value one-half,” fence no muclqua with spin less than unity 
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He Blatt, d.Mo, and Weisskopt, Vl. Tyegretica) Tuglear Fhysies. | 
New York: John Wiley & dons, 1952, pPe 26050, 
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can, posscessa quadrupole moment other then zeros “for other nuclei, 
a@ potential funetion.with a negative quadrupole term indicates an _ 
oblate spheroidal digiribution of charge about the axis of spin, whereas 
a potential function with positive quadrupole term indigates a prolate 
sphoroidel diatritutions 

5 Pvp eer theory Pe. cuesrppie-gomponem> fg defined ap 
eat CHS dol ches 


Sxperimental determinations of 9 give values*® ranging from 4 = 7.0 x_ 
107 ex? for qyialTS to (~)192 x 10-** on? tor 5,367, 


10» Meck, JeBe Revie Mode Phys. 22, G4 (1950). 


It has not yet been possible to dexonstrate experimentally any 
conclusive evidence of octupole or higher order clectric moments in 


nuclei. 
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) ‘WETHODS “OF MEASURING MAGNETIG MOMENTS 
(a) Hyperfine Structure 


Approximate values ef meclear magnetic moments may be determined 
from hyperfine structure in atomic spectra by using a method developed 
by Gouden’? Since this method involves certain approximtions and 


nh Goudsnit, 3. Phys Reve 45, 656 (1955). 


fone correction factors which are themselves inaccuretely known, it 
is perhaps the least accurate method for this purpose, The method 
remiins of value eves Sodegy; however, for not all rmolear magnetic 
/ momenta have yet been determined by more precise methods. Such is 
the case with thee sanhopes - aries for which the only values s0 far 
obtained are those calculated bre’ hyperfine structure data. 
The hyperfine splitting of an onersy level with total electronic 
: “engular momentum (gh/27) is civen ey 
oe i. ALS en (EF) = er BAS F(F +1) - PS (Sai) = -Z(r+ Df, 


- 


‘an whieh I is the nuclear angular momeritm in unites of (h/277), 

Pie the resultant of 1 and J, and the cosine is a "quantum" cosine. 
The proportionality factor A& is equal to the distance between two 
adjacent hyperfine levels divided by the largest of their F values 
and is given a positive gign when the larger F value belongs to the 
higher energye A is proportional to the nuclear g-factor,. 


Por a single non=penetrating electron it is customary to write 
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(j,2i) is the relativity correction by which the equation for the 
hyperfine structure mist be mltiplied, and d(L,2;) is a similar 
correction for the mltiplet separations They are determined by the 


formas t 

KG, B= #j GeNGO/P Np, — pt (p44) 2x), 

, 24 / ‘Z ay le ‘fe 
(2,29 fad (e+) /42) TY [egy 2S] a2.) ] Ei 


In many-electron spectra the same electron may be responsible 
for part or all of the interaction which produces the hyperfine split- 
ting of several different levels. If "a" is calculated for this elec- 
tron from the various hyperfine structures and these values turn out 
to be consistent with each other, this agreement of values for "a" 
ip not: necessarily sufficient to warrant the assumption that the — 
approximation made in the various formas above are valid. Only if 
the values of 9x calculated from different electrons of the same 


atom agree should one assume that the approximations involved are 


admissible. 
(b) Molecular Beams 


In the molecular beam method as developed by Rabi and his co- 


vorkers!* at Columbia University for measuring nuclear magnetic moments, 


14, Rabi. I.I., Millman, 3., Kuseh, P., and Zacharias, J.R. 
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a wellgllimated beam of neutral molecules is passed through the fields 
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of three magnets, A; Cand By ina highly ewounted space as shown in 
Pigure le The source of the molecules is a small oven © which con 
tains the appropriate substance and tron vhich molecules with a modi- 
fied Yexwellian speed distribution escape through a small slit. — 

H These escaping molecules are collinated ‘by additional slits 80 that 

: all molecules entering ‘the field of magnet A\do a0 within a very 
. eral angle to Line parallel to the Rength of the pole faces, A 
| further defining slit 3 is located wrteeent magnets A end Ce Ata 
preil distance past the exit from magnet B on the axis defined ty 
the gollimtifig @lite is a detector for nencurins the Antensity of 
the molecular beams | . 

The field of magnet A is of the order of 12,000 geuse and is 
wory inhomogeneous (approximately 109 peusa/om.), the magnet field 
H and the field gradient (dH/dz) in this magnet being in opposite 
direotions. Magnet B in similar to A except that it is arranged to 
produce a field NM in the same direétiowas, but has its gradient oppo- 
site in direction to that of A, vagnet 0, whieh ib between A and B, 
produees a uniform field in the same direction as those of magnets 
Aon B A hairpin loop to which can be applied a very weak encil- 
lating radio-frequency field at right angles-to the magnetic field 
is installed between the pole faces of magnet 0. 

In molecular beam experiments one employs molecules in a Z 
state in which the resultant electronic angular momentum is zero to 
the first order, It has been calculated that the interactions between 
the melear magnetic moments ina molecule ina ‘£ state and between 
these and the magnetic moment associated with molecular rotation involve 
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nagnatis fields of. the order of 100 gauss. or tesa,” . Externe) 
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Now, the energy difference af between adjacent levels resulting 
‘from the mie lear spin axis changing ita projection in the direction 
of the magnetic field by AM,=2/ is 


AF= 9, ,, H, 
It therefore eppeara plausible that the proper application of a 
radio-frequency field of frequency given by AV=0E might produce 
transitions between adjacent levels, Indeed, transitions involving 
reorientation of the nuclear spin vector with respect to the magnetic 
field involving either emission or absorption are induced when the 
frequency of the ref oscillations applied to the hairpin loop has 
the resonance value . ae, gi w 
EL for 
Thus when the proper field strength H exists for the ref oscillations 
to be of the frequency required for resonanees, transitions involving 
Peorientation of the direction of nuclear spin axes will oceur. Mole= 
cules whose nuclei undergo oa) Sade pte weg of spin axis while 
passing through the field of heads 3 will no longer be deflected by 
magnet B so as to impinge upon the detector tut will be deflected so 
as to miss it as. shown by the dotted trajectories in Figure 1. Tima, 
when the re@onance condition is realized there is o decided decrease 
in detector "current". The micicar gefactor of the isotepe being 
studied may then be obtained from the relations 
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From the above relations it will be noted that the frequency of 
eusly and truleperdently @evelo ned mew regertenme te eget el me 
radiation ton required to profuae tranoitions tn the clold of 2 te 
equipmet appreeiab! ore giuple thum that used in woletuler basm 
pendent of the partioules orientation of the nuclear opin axis. For 
wetings; “4 digtinet wtvantars of those new wethody Mee tm the tect 


most nuclides the resonance frequency is of the order of 
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netie moments to four significant figures, The oe ‘upon 


ruglesr stuitics thers saw mothede rrovide a : mye at ios hig 
aoouracy An this vetoed to the roquirecant thet the atrength of the 

the establishment of the therm. equilibrian essential to mgpe 
magnetic field be determined. Other dtesdvantages of the roteculer 

metheds for attaining very low tenpsyets ami Soy ertaining infor. 
beam method are the requirements for a high vaguur throurhout the 

mtion gonceriing cryetel struotire, Yeates brensei tions im ao lids 
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ously and independently developed new resonance techniques requiring 
equipment appreciably more simple than that used in molecular beam 
methods, A distinct advantage of these new methods lies in the fact 
that it frequently is unnecessary to alter the physical or chemical 
form of the sample, thus avoiding many of the sxperinental difficul- 
ties of the molecular beem method. in addition to their use in 
mclear studies these new methods provide a means for investigating 
the establishment of the thermed equilibrium essential to magnetic 
mashed for attaining very low temperatures and for obtaining infor- 
nation concerning crystal structure, ‘phase transitions in solids, 
and hindered internal motions in solidas — 

The basic oand—olpgatent concept weigh, most readily describes 
the essential phencwenn. involved in resonance op aly vee ring will now 
oe discussed in detail. 

As previously noted, the fine lear wngoakal ‘moment may be 
expressed as . 

tgs aie OF 
Results from wave nechanios ind Lente that the value of lez! is 
fetes]? (2) but thet the snximen projected yalue which | fez! my 
assume int the direction of an applied external magnetic field is 


btu, We = I (B).- 


The permitted values of Pr be oy magnitude of far upon the 
direction of the field, are 
og es ne (4), at 


where My = I, Iel, Im2,ee+e, =I¢l, I. 


If & magnet of dipole moment pe ie placed in a menetic field H, 
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17. Pake, Gi. Am, Jour. Phys. 16, 438 (1950)S 
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Since the vate of change etanguler momentum, fr P of 0 aver tem is 
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The vector expression for the melear magnetic moment is 
e 
gz ame Ax ) 


go for a nuclear dipole in a magnetic field Gam may write 


Jeet 3 ake Pt Az" 
Pron einasionl mechanics we algo have the vector relationship 


wire 
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go it may be concluded that if a meleus of magnetic moment vector 
a e ) 

r= ee fr 13 placed in a mgnatic ficle, the magnotic moment 

wector of the micleus will precess about the direction of H with 


the angular frequency 
ae s e i 


This frequency of precession ia called the Larmor precession 


frequency. From “the last equation it is noted that w, is not depen- 
dent on the angle between Aros ie 
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The potential energy U of a magnetic dipole & ina field H 
is D= |m|[H| (ios 6), = where 6 is the angle between & and Hy 
This expression gives a maximm for U of 2/p||H| when @ and # 
are antiparallel. ‘Since the miclear angular momentum vector my 
assume 2141 orientations with respect to H, with M; =I, I=], eee, 
-I+1, <I, there will be in all 2I energy levele due to melear spin 


orientations, each differing in energy by 


27, z 


The selection ruler for transitions between the 2I+1 possible 


orientations of the magnetic moment vector is 
7 AM, = HI, 


This requires that the macleus emit or absorb 
a4é&=hLy- (Mw) mahal ergs. 
+ ) 
in event of change of orientation of spin vector. The frequency 


obtained from this exprescion is seen to be 


w= (Mtioneix H : 
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Using Wwe: ard one obtains 
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which is the absolute value previously found for the larmor angular 
precession frequency. In other words, an oscillating electromagnetic 


field of frequency H 
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“applied to @ mi¢leus in the external mighstic Meld H might be 
“@apable of inducing transitions between adjacent niclear spin orien- 
‘tation states, In the following four seétions there will be dis- 
cussed the four mst recent methods rete: for opting the above 
principle. 

le)" OBDY of the fottr method depend upon the Maxwell-Reltzmann rela- 
“Son that, in any eystem in thermal equilibrium, the retie of the 

L wre Oo wtétes With aifrerent energies, say B) ani t,, is 
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‘Tf this relation is applied to the case of protons in a magnetic 
Cidld BH, the ratio of the populations of the two swale states 
My 4p and M, 4h 45 near td be = 


(7b) or the squittnrtamy gaan wessy a hkl oo (E> “ty m4 
eniriy sn +20 W(-4)— ang ts /teT ave Of ) 


tawitenh (EF YE Be = gra A.” 
for temperature T = 300°" ‘ard magrictie field strencths aveilable 
in laboratories $e Ye ome, ‘eo tha 18k equation may be written 
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erg the last expression gives — 
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M(-4) 


This indiéates that for each million protons in the hirher enercy 


state there are one million and seven protons in the state 
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with lower energy. Clearly this relationship may be extended to 
nuclei with spin I possibly other than % The results of the above 
example will be referred to in some of the forthcoming discussions. 
Another important factor in the methoda to be discussed is the 
epin ~lattice relaxation time T, for ths mucleus of interest in a 
given liquid or solid. ‘Thermodynamically, a relaxation process in 
“the case of miclei is any method of energy exchange between the sys- 
tem of miclear spins and the lattioe. Tims if a sample is placed 
“guddenly into a mgnetic field it ie important MloP)the experimenter 
to know how lone & period of time on the average willeelense before 
“the equilibrium number of nuclei will be found in the upper and lower 
‘“kebky states Ty 1s employed ag a measure of this time and is 
defined as the length of time required for all except the fraction 
~ (Ife) of the squilibrium excess number of nuclei to reach the lower 
energy state. Relexation mechanisms in fluids heve been investigated 
by Purcell and his group*© at Harvard who have determined that 


18, Bloembergen, N., Purcell, EeM,, and Pound, RV. Physe Reve 7, 
679 (1948). 


- Brownien motions at the Larmor frequency are responsible for the 
processes. In liquids T, ordinarily decreases with increase of 
viscosity. In some enses, however, T, decreases with inereasing 
viscosity until a minimum value is reached and after that it increases 


with inerease in viscosity. 
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The addition of paramagnetic ions to a sample frequently will 
give a marked decrease in Ti by increasing the local perturbing 


effects upon muclei of the sample. 


(1) Method of Purcell and Pound 


"In the method developed by Purcell, Pound, and Torrey, 2® 
mielear absorption unbalanees an r-f bridge, giving rise to @ signal 
im a receiver used as a detector, The sensitivity of thie method is 
very good, being as high perhaps as any of the other three methods 
discussed in this section, Purcell has demonstrated that melear 
resonance with this method ean be observed in sample containing 
only 1019 stons, pi 

“In this method a signal generator is employed as the r-f 
signal. source for the bridge. An escential feature of the bridge is 
the reduction effected in the relative magnitude of output Pluctua— 
tions erising from feave de fluctuations in the signal supplied by 
the ref signal generator, This is done by obtairiing a voltage node 
in the bridge output to the amplifier when the bridge is placed in 
balance with the system not adjusted for miclear resonence., One 
method to effect thia voltace node has been to place an extra half 
wave-length of cable in one arm of the bridge. Another Derortant 
feature of this method is the reduction in the rf level at the input 
to the amplifier to permit considerable r-f amplification before 
detection. 

One arm of the bridge contains a tuned circuit having in the 
gap between the pole faces of en electric magnet &@ coil into which a 
ah 
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sample to be atudied can be inserted, In the other arm of the bridge 
is a dummy circuit similar in all respects to the other but not having 


ite coil located in the magnetic Meld. Nuclear resonance absorption 


“dn the sample causes a change in the balance of the r-f bridge which 


is detected by means of the receiver. When liquids of high dielectric 


 gonstents are being studied a dumy pnayee 8 sonetines plenet in the 


dummy eoil to balance as nearly as peneible the apprestabie change in 
“stray capacitance resulting from the sanple being placed in the coil 


“of the other arms 
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The strong magnetic field Ht, is modulated sinusoidally at 30 
cyeles per second by auxiliary cells levees on the pole pieces. 
This modulation is parallel to the petam field with peak strength 
never more than 15 gauss, Near resonance the low frequency modula- 
“ton of the magnetic field causes the Larmor frequency of mclear 


‘precession to vary in and out of resonance with the result that reso- 


4 


nance ne palate occurs in the arm of the bridge containing the 
sample and the bridge is thrown out of belence. ‘The signal so 


produced is amplified and suitably detected. 


An improvement in the above technique has been the slimination 
of the half-wave-length cable, which is several meters long and is 
frequent ty the cause for considerable troublesome instability. 

With properly adjusted equipment operating under suitable con- 
ditions the sensitivity of this method depends on the width of the 
observed resonance. The natural width of the resonance signal 
depends'on the substance used and in some liquids is less than a 


thousandth of a gauss, This may cause the homogeneity of the mag- 


netic field to be a limiting factor in the sensitivity. 
25; 
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The ref bridge nuclear resonance spectrometer is well suited 


for the observation of shapes and widths of absorption lincs in varie 
ous substances, four such resonance Leese pts lines for protons in 
different substaness which were obtained by Purcell using the bridge 
method ere chow in Figure 2.19 The Mne displayed in Figure 2(a) 
19s Puro, Rais Satonoe 10% 4531 (1PM6)e O50 PPT) ON 

wag obtained from protons in waters Tita absorption. peeyeed, within 
& interval of only Oe2 gauss in a sto of 6,940 geusa, Cther oub- 
@tances containing protons ¢i splay an sbsorption line at the same 
field strength 4¢ the radio frequonsy 4a the sane, tut the ‘Line width 
Warles groatly with different substances’ The proton poaneenes tn 
ice, shown in Figure 2(b), is actually 26 to 50 tinmce as wide as the 
line obtained in water, In other orystals the variation in line 
width is even mre strixing and a pronounced difference in line 
shapes 4a observed 29 ong pay notied by comparing the various 
absorption lines shown in tila Migure. 

The variations in line widths amd line shapes find no explame 
tiom from nuelear properties tut are GSacefated with the perturbing 
magnetic flelde wrioh have their origina in the iemediate surrounde 
ings of a given hydrocen atom and depend om both the Location and 
motion of itm immediate neightorse It perhaps sceme strange, but 
the sharpest resonance lines are obtained from liquids, whose mole« 
Gules compared to those of solids are in @ greater state of random 


motion. This random thermal motion of the molecules ceeure at a 
26 


yr - - - >_> nel _ mA, « Be = 


3th NR 


SRE hci bp ae 
be mi +: 8 Sab we ves a tet ced Hage ye. 4 _ ae 
a eaoter: ai an 


enter: er euatl netéveceda ssnance ot snooruntedey sae 


we 


a 4 ope ae {Ruse TOR ee ee , 
et erry tae 


Pont ee af tie ee So ee Oe ty Me. 
GX oun a ct acatens ott ott 8 mes mt ~ 


as == = whee i Fete hal aye oe 


o 


SS aa oi coke we ink : ee ¥ 


ip 


oy 


Bee Ay td at ‘- 


i 


oh sttodigion scatbount aft Yo odes 
e* ’ Ya \ J 


atlas esot: ehtaptt 0 tantatie 9 want wanes Segue ot 


A hk ee Se Aus ra Bae 2 ae oe ed 
mobrrt 20 eats aetdora # at cas cbifca 20 seat at be 
p po he » oe Aiea ay —_ Z 


edt Te Euorsiagi mobeters ont ettodton 


PROTON RESONANCE 


| 

/ ‘4 
| | 
| : 

| FIGURE 2a). ABSORPTION CURVE 


(2) IN H,0. 
| 


| FIGURE 2 (8). “ON (LIN ICE. 
(c). IN POWDERED 


FIGURE 26). / 7 Ps GYPSUM. 


(d). IN SINGLE 
GyYyPsUM 
~~ QR ST Ae. 


| bee Se EE 
Curves Ner 
to Same | 
| Scale. 

| on Pee, 7 . (After. Purcell 19) 


| FIGURE 2 (A) 


frequency higher than that of the proton's melear precession. It 
has been shown statistically that the very rapidity of this thermal 
motion greatly reduces the eerer: effect from neighboring atoms, 
do that local par baebing effects on the epplied magnetic field are 

mach less than in the ease of solid substances, "© 

In the case of @ single crystal of qypaum refetiedt:toctine 
Figure 2(d), protons in different pate of the molecule have differ- 
wh, more nearly constant local perturbing fields whieh roughly are 
the same on heuveapedine lees in different molecules, This 
results in e brosd Lins with four resonance peals corresponding to 
four different values of field strength observed, 

“In the ease of pewtares eypsum & pveatay’ denvee of randomness 
of orientation of = within the sample occurs, The statis- 
tical effect of this (imperfect) randomness is to cause the absorp- 
tion curve to exhibit now two peaks nd to contract somewhat in 
width, as show in Figure 2(e)s 

, In ice each proton is surrounded by several equelly near 
magnetic neighbors, Also, a certain amount of local motion persists 
in ice well below the freezing point. This combination of more or 
less equidistant spacing of magnetic neighbors and of local molecular 
motion causes a further contraction of line width and « line of only 
one peaks however, this line is meh lower and broader than that of 
protons in a water sample. 

The data obtained from nuclear resonance absorption studies 
such ag the above have yielded some inforration of the solid state 
not previously obtainable by other methods. For example, with the 


aid of certain advanced theory using data obtained by these methods 
28 
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it hme been possible to determine not only the direetions of the H-Ii 
“lines with reapect to the axes of the gypsum crystal, but also, with 
& precision of about t per cent, the distance between the two protons 

odin the HOH modectile,? X-ray analysis dees not yield this inform- 

\ tion, 

(2) | Method of Bloch 

. In the Bloch method for detection of meolear magnetic resonance 

. there is employed a miclear induction transformer in which the estab- 
lishment of nuclear resonance causés a change in coupling between the 
primary and secondary of the transformer and thus a change in the 


output voltage. This method of mielear induction is besed on the 
following principle, 7°*#1 


Bs Bloch, FP, Ehyae ate wish 460 (1945). 
21. Halliday, D, Introductory } Nuclear Piwatndy New York: John Wiley 
& Sons, 1950, pp. 516-520. 


If a sample of water or paraffin, say, is placed in a strong 
7 magnetic field H, there will be @ 9omall resultant mgnetic moment 
) bee to the nue lear maeperbe of the senhetine The gross external effect 
‘eamaite entirely from those few pass ena about 7 in each 2,000,000 
at a field strength of 10,000 gauss, that represent the difference 
in population between the two states available to the proton. If 
the strong magnetic field H, is in the z-direction and a weak ref 
oseilleting field of angular frequency “ is applied at right angles 
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to Hy in the direction of the maxis with snahestenntne magnitude 
n 

cs . Ay = Aico wt 

then the combined ficlds H, and H, will produce magnetic polarize 

tion in the sample, This polarization fines be represented by the 

cnnhee My the magnetic moment oat unit volume. Bloch has shown 20 

with the aid of certain simplifying assumptions that for " fixed 

H, and a fixed w, (1) the mignitude of M is constant, (2) M rotates 

about H, at the angular rate W, and (3) M makes " fixed angle 6 with 

the Hg axis, The three componsnts of M are : 


My = Mane con ew 
pP perks: Sow Lar m+ Mare 7,OP ee wr, +3 ower | 
M, = M cor 8, 


where (Kl * M end the angle © ie given by the relation 


H,, being the value of H, at melear resonance. If H>>H,,, since 
”~ 

H ds not large, O will also be fairly small. Under the condition 
Of muclear narnetic resonance, however, Hj * Hj, and © becomes 90°. 


Consequently at resonance the components of M become 


Mm = M1 eonwsk | 


a 
Mags M pam, and 
= 
it 


From the last equation it is seen that M, = Meos O, which is the 
30 
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time independent part of M, vanishes at resonance. ‘ince My and My 
do not vanish, however, M is perpendicular to ths direction of H, 
and rotates about it at a frequency woich is equal to that of the 
larwor precession. Thia state with © = 90° corresponds to equal 
populations being in each of the two energy levels so that no resul- 
tant steady moment exists. in the derivation of this Bloch assumed 
that the molei are entirely free with no spin-lattice interaction. 
Since spin-lattice interaction is not zero in practice, this equal- 
ization with M, = 0 at resomanse is not a completely accurate pic- 
ture of the situation existing at that time. 

At the condition of melear magnetic resonance the component 
of K perpendicular to the dirsetion of H, increases rather suddenly 
in magnitude, This component of M rotetes with the angular frequency 
par As a result, a variable flux links a pickup coil which has its 
axis in the y-direction. The resultant eemef. induced in the pickup 
coil is passed to a receiver and ponainiha 

The operation of this type of miclear resonance spectrometer 
has been summarized in the following manner by the developers of 
this technique. a8 


ewan 


22. Bloch, Fe, Hansen, Wee, and Packard, M. Phyae Rev. 70, 479 
(1946). 


"A epherical sample is immersed in a field Ryg * Hag cos S77t 
produced by 2 magnet. The mclear moments oriented by this field 
are caused to precess by a driving field H,.« The precessing momenta 
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erage Voltages in a receiver coil, Theee voltages, whieh vary in 
amplitude wn 3 a 60 eyoles per second rate because of the variations 
Sa field Hos | are anplitiod atong with stronger constant amplitude 


signals, The lealage and the varying voltages den to precessing 
mnaiet are mixed in the detector, the output of eee then con rhaine 


; “3 rout ef ¢ Lage x 
pulenting untdtrectional current, ‘the _ateady conponent due So letings 
a ¥é i Me y 
oon the variations odesatndelion to the denired at male ‘The deo, is 


revoved by blogking Pease yaan = in the amplifier whteh incree.nes the 
signal voltages to @ magnitude suttable for "operation of the enthode 


Paces 


rey tube." 
One definitely advantegeous Coa vure of thie rethod ts thet il 
affords the opprortumity to determine the sign of the magnetic moment 


ere 


of a mieleus. This method ts waited. ties for the study of line widths 


wC 


and shapes 


(3) Super~regenerative Method 


| In the aupéreregenerative method of detecting muclear resonances 
e ouper-reconorative oscillator ts used both to estebliah mac lear 
resonance and to detect the indused voltage from ite Several veria- 
ston in oxperinental arrancements have been adopted by different 


Seidatdanhore para Bh this methods Robarts”? has described one such 


236 Roberts, Ae Rev. Sci. Ingte 1é, £A5 (1947). 
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arrangement. The epparatue with which the writer obtained his 
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measurements was similar in basic principle to that described by 
Roberts but differed in several details, The principle of operation 
to be described for the apparatus of this section will apply equally 
well to either arrangement. 

The general layout of the apparatus used by the writer is exhib- 
ted schematically in the diagram of Figure 3. The oscilletor shown 
in the diagram with connections to a coil in which a test tube has 
heen inserted is actually placed in ite entirety between the pole 
faces of the large magnet. This oscillator is of the super-regener- 
ative type and from that fact this method derives its name, 

| In the euparseupetties method the triode of the super-regen- 
erative oscillator produces self-sustained oscillations, for this, 
adequate feed-back from plate to grid is required to supply all the 
losses-in the cirouit. However, instead of allowing contimed self- 
sustained oscillaticr, an externally generated modulating signal of 
appropriate strength called the guensh' voltage is applied cither to 
the grid or to the plate of the triode. This sinusoidal quench volt- 
age causes the overall gain of the triode to be varied in such a way 
that the self-sustained oscillation of the triode starts and stops 
ones during each quench cycle. 

Detection of maclear magnetic resonance is accomplished in the 
following wanner. when the quench voltage varies from a value which 
prevents oscillation to one which permits it to begin, the envelope 
of the current in the tank circuit begins to increase approximately 
exponentially and, if not inhibited, would reach a saturation value 
at which foed=back energy would just equal losses, The maximum 
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—— FIGURE 3. 


~—amplitude of oscillation reached and the interreted enersy of tha’ 
») ofeillation oulse are funetions of the effective Q of the resonant 
~-@ireuit, the feed-back gain, and the quench emplitude and frequency, 
‘co ). | When the oscillator ins placed between the pols Pages of a 
Ocatmgnet and a sample containing thé desired type of mucleus, say 
-cepretons, is pleged in the indugtance oot} of the tuned efroult, the 
‘) maslear spin axes of ths protons will presesa in the direction of 
corthe wagnetic field at the Larmor frequency, When the magnetic field 
strength ia of such value that the Larmor end tie oacillwtor fre- 
° gusneles ars the same, the ref oseillation at the Larmor frequency 
. will induce emission or absorption of ‘radiation by the protons ine 
> welving reorientation of their nuclear epin axse in the magnetic 
field, Since at thermal equilibrium in, say, a field of 10,000 
-oeuse theve are in each 2,000,000 hydrogen atoms some 7 more protons 
© darethe lower ensrgy than in the higher ener¢y nuclear spin viate, 
there will be a net absorption of ref radiation by the protons, the 
effective resistance of the tuned otrouit will ba inereased and there 
eomihl be e decrease in the rate at which oscillation builds upe Thus 
\« the integrated pulse will be less under conditions of resonance, a 
») esture of the super-regenerative method which may be detected by 
eppropriate methods to allow observation of the nuclear resonance. 
The quench frequencies employed by the writer in hie measure 
mente wera of the ordey of 2 to 10 kilocyeles meting the quanch 
periods 100 te 500 miorosccondas The thermal relaxation time for 
-- protons in water a6 room tempermture hee been measured?4 and found 
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tobe 2633.2 $. O47 cosortos oh ET BRS OFA VERT PER 
cugiae. teh perigt og tee apennh.gvere When the tumed cipeuit te 
PeRMAAtAA.Wooneelsiene therg.th2,.>9, © TetEAemereeeteme aged 
touthe higher, energy level, tien yi22. be lowered to, the level of lee 
RP He Ree the gisetee’ weeted Pare 42) be 4 sendensy, toy 
thepnel equildbriunte be rerestab]ighed anong miclety so when os: 
si} iatien, is,conin, tpt tiated perg, protonm. 42) capi. be slevated. . . 
Mepncdenmtes 2" ne TRT 8H ts HAS PARSE TRS BBe, SbeOTRtsOR. 
Of MONTEL. SELE, "ER PAPIPSEVESOARY YS eng lasor, for ERE el0,o8 
the quench. o: scillationss | Fhe this net absorption of energy gy whi. which | 
requlte in. the @of the eireult, being lowered and the detection of, 
repapanes. Ya. }bn Riperesee°DET ALINE Pethod Paine, pede, possible 

sour O SOR. “ere fh. Sse Peet eh, hove be potet ts, bat ;' 
the buiidup of gaciliation in She, 2 super-regenerative oscillator is * 
aeSmeRD °F. PAP ent indb A eRe Sem reeked, poles. vo} tae 
in the tank circuit, may possibly. cover a significant fraction or 
OEE of She. ADP AT8! PITA MEISTER TPR ee PTS he te 
Domne» ¥en, tha, wApeh, erage, Somenee there. 4g in the june’ odp~ 
oult en external sicnal of the. aoe frequency, the oscillation will 
build up from this external aignel and either will reach a larger 
anplituée within the length of time permitted by the queseh cycle, 
or else will reach saturation goonere Although the external signal 
dose not affect the rate of buildup of oscillation, the integrated 
pulse energy will nevertheless be greater. This can possibly be of 
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importance because of the following effect. 

Ab the condition of resonanee the nuclear spin axes of the sample 
precess bout the direction of the smgnatio field with the same fre« 
quency as the ref Seed liation sf ‘the tensed circuit. This precession 
contimies during the periéa win 10 trtede oscillation is quenched. 
When the quench voltege again reeches a value which allows oscillation 
to be resumed, it is pessible that an cemef. may be induced in the 
oscillator coil as a result of persisting precession of the vector 
as described in the Bloch method, If so induced this eemei. will 
alternate at the Larmor frequency which, at the resonance condition, 
would provide an external gignal of the correct frequency to cause 
oscillation to start building up dmmediately in the tuned circuit. 
Being started immediately in this manner causes the oscillation to 
reach a larger amplitude or perhaps to reach saturation sooner than 
would be the case if the oscilletion were built up from random noise, 
Thus in the event thet the oscillation is built up from an induced 
Gemef. duc to nuclear precession, the integrated energy pulse of the 
oscillation will differ from that of non-resonance. 

In either case, whether the Q of the circuit is changed at reso- 
nance or whether the preeessing miclei act like a signal generator in 
the tuned circuit of the oscillator, the integrated pulee of the r-f 
oscillation will be different from that of the non-resonance condition 
and thus may be detected and meclear resonance observed. It is en- 
tirely possible that both effects may occur sinmlianeously in varying 
proportions under usual operating conditions. 


The spectrum of 4 super-regenerative nuclear magnetic resonance 
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detector ta not a einele line souahone veh caniaht ot 6 cantina 
Fesonance signal armmaaahiend 46 ed fundenental resonance fre= 
quoney 7% and usually one or mors pairs of aidebands. Bane aie 
banda oveur at frequencies 14 4 given by ; 
Sais he is the frequency of the ase. quench voltage and 
eogunes the yalues of ennsetatee emall inthgerve Resonances absorpe 
tien ty the sample ccours and under proper test conditions may be 
ted as the magnetic ficld passes Sirough that strength neces= 
| to produce Lermor precession of the muclet at the frequency 
2 for each of this limited numbor of sidebanies 
The circuit of the guper*regenerative oseilletor used by the 
ter is shown in the diacram of Figure Me In thie circuit the 
frequency voltage is applied ¥ the ‘eri of the esol later 


« Oertain other vothgiturs a applied the qaengh vol- 
tes to the plate, This laat arrangement ef the quench voltage at 
one time was uded with the apparatus employed in this work but was 
abanioned because of the high noise to sighal ratio resulting from 
this errangemente An oscillator circuit of this letter type with 
quench voltage applied to the plate of the triode as used by 


Roberts”? is shown in Figure Se 


L. (4) Heterodyne Method 


In the heterodyne methed a weakly oscillating deteoter ia modue 
lated by the nuclear absorption. Such a weakly oscillating detector 
358 
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is ‘ealled an n autodyne; in thie ease ‘the = than from the autodyne , 
beats against an “{neoming 4 Cow signal to produce a heterodyne ‘signal. 
ry frequently difficult but required condition is that the oscilla 
ton of the eutodyne be extrenely sone for in this nethod ‘the 


ala» or 
atrength ‘of the resonance signal is found me) diminish as that of 


jy I he ly Maal Aeameatah sanarenhly beanuse ‘of saturation of 
the mclear absorption. This seturation evidently results from the 
fact that the total power which can be absorbed by a sample small 
enouch to allow suitable homogeneity of the magnetic fleld is 
fairly mimtee for M atoms with apin Z at temperature 7 whose 
larmor frequency is Y and relaxation time 7» the power which can 


be absorbed is 


Por a sample of 1 cst. of water at 300% with 7 at 350 m/sec, P 
will be approximately 10°? watta.~? 

The super-regenerative cireuit showh in Figure 5 ean be adapted 
for use as an sutodyne detector if the quench voltage supply is re= 
moved and the plate voltage properly adjusted. The circuit shown 
in this figure would probably not be as sensitive as a super-regenera=- 
tive eset liator.” However, improved and more sensitive forma of 


this method have been devised.” 


25. Pound, ReVe Phys. Rev. 72, 3527 (1947). 


Nuclear magnetic resonance may be observed in elther of two 
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ways when using the autodyne detector. If the output is viewed by 
an a-m receiver the absorption curve for a liquid sample appears 
mich the same as that of the absorption line in Figure 2 (a). If 
fem detection is Wate the olgnad, hes the form of an anoralous 
dispersion curves This fam effect results from the onsillater 
being, sligntly detuned ty miclear resonance efrectas : 
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eribed in this epset is “indieated 1 in the block diegren of F Figure 3 
is cngne vs ‘ ‘used ‘to produce Nhe @ strong manetic field vas a double | 
Bg with hich hifices, Tee current windings ‘tad an "el justedio 
- Pe “Phe sep width used in these ne was Cypremnetaey 
3/4", Pole picrony of ‘50 diameter were used f ‘early work, ‘but all 
specenrequi included in “tnia poy were py with ‘6 pole pneu 
wiadee of kno Vatter eagnetic ‘Pleld peed nc ofy obtainable wi th ‘the 


he BPSK es GgeNeve sa vy ‘ 


pod atsneter 1 pe ae, The ry ‘current wea 89 supplied Y ty on 


o Ue ee - 


fe 


nechanian opereting a potentionster in the per bany eR Gag This 
currint. vosulntor was 2 capable of ee aires er cooreasing a mage 
netic field at a Pate ‘of about 2 gauss per nimte over 2 field 
rengt > of some 2,000 "to 10,000 ‘enuas. except vader un 
guverable conditions seeming ‘usually to atom at irregular hours 
from cock uneven variatioka in ‘the 110 volt 60 eyele Bee power 
supplied to the ‘fatoratory, ‘the current remlator was capable of 
promenade the ragnat ‘Hel current constant to about one part in 
“The strong magnet field > was modulated by a es) eyeles per 
essent current applied to erall field ‘modulating coils ealled "sweep 
colls® o one being elamped on “each pole plese. The 45 eycle current — 
for these windings was supplied by : signal from an audio frequency 
signal generator amplified by a push-pull amplifier. This small 
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alternating modulation H,, to tho strong field H, caused the reso= 
nanee ‘signal to be repeated periodically at any time when the reso= 
Minee frequency happened to be within the limite corresponding to the 
‘field renge Hoti,. ‘The resonance signal was observed usually on an 
Oscillscope with ite sweep synehronized to the signal generator pro- 
dusing the 45 cep. field aweep signal and was recorded by an ‘ster- 
The samples used im these oxperiments were either saturated 
golutions or concentrated acide, Approximately one Get. of the 
sanple was placed in a 3" diameter test tube which in turn was placed 
dn the inductance coil of the super-regeneretive oscillator tank cir- 
@uite The osciliater was so located in the magnet gap that the 
ample would ocaupy that portion of the field found by careful teat— 
> The tank cireult of the oseillater was tuned to a frequency 
somewhere in the range between 1 te 10 megaoyoles per necomi, depending 
upon the nuclear g-factor of the unlaown reported by molecular beam 
_ experimenters and the mignetio ficld strength desired to be used for 
othe experiment. This frequency could, after once being set by appro- 
“priate choiee of fixed capacitence condensers, be varied within nar- 
ow limits by means of a amell variable condenser in the tank ciroult. 
_ In-most cases the smell variation in oseillator frequency permitted by 
(ethe tuning condenser would not cover the frequency renge required for 
comparison of the resonance frequeney for the sample of unistermined 
g-foctor with that ef the know sample, this cengideration required 
that a second set of fixed capagitance comlensers be installed in the 
Ab 
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pole feee oscillator with necessary switching arrangements to permit 
rapid changing between the two frequency TONgess os  X 
es The alternating quench yoltage applied te the grid of the os- 
et llator triode was variously set from 2.0 to 9.0 kilocycles and 
from 15 to 5.0 volte. These and other parameters were varied both 
in ai henrts to locate the resonance signal and, after the signal vas 
found, to obtain a sharp, accurately meagurable signal patterns Other 
parancters varied cor the game purpose were the magnetic field modu- 
lgtion atrength, | oseillator plate voltage, and i the concentration and 
type. of eher:ieal compound used for the sample, 

dhe The signal from the pole face ogeilt spor y. pent ated. a 
narrow band amplifier tuned to filter out all alternating current 
EME Laer sa evelee gare of. ty meena AU. 
modulation. The output of the sextey band amplifier was sent both 
to an oscilloscope and to a phase~detector. The output of this letter 
instrument was in turn passed to an Exterline-Angus recorder. 
_ At resonance, corresponding to the condition 
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ef 


errors 


the amplitude of oscillation of the super-regenerative oscillator 
is altered because of the previously discussed resonance phenonente 
This amplitude change was observed visually on the oscilloscope trace 
and the time derivative of this change in amplitude of oscillation WO. 
recorded by. the Esterline~Angus recorder from the output of the phase 
detector. 

After resonance was observed and operating parameters were pro=- 
perly adjusted to obtain a signal suitable for measuring, the clock- 
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bpietiGn"8F" the sakple tobe measured was 
sasiFetery Ideated by tuning the varieb ¢ condenser in tie pole face 
daéiliater etroult and then neasurin: ‘the onal liater ‘froqueney : y wating 
this netotsdyne ‘ere quendy meter shown in Hgure 3. “with ‘the ‘magnet 


Gurren: 5 efi waiiedihes tat a po ry of ‘now value of te 
dida# Gscdater wan substituted for the uniawwm in the pole fuse 
Sedttiater ant the oscillator ‘grequenay ‘\dslal wall veocense was 
Obtaihed coy tits dtandard aample. With 7, ond Js denoting reo 
peotivdly’ the imiolear gefaators of the mmoles being stadt ont the 
miclows used for standard, ana, ant 4% DP Wo 7 , Ir frequenaie ies 
th tHe Wats vagictie rield, J wes obtained ¢ trom the relation en 
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deverel pai#o of ouch readings conconly were obtained ‘and the average 
of Wilt Fatios Was then al the value for the reagurcnent, Probable 
errors. wane were ‘sonnet ‘ecbrng to oustonary prooedures. 
turne fra mw ect Run ae 
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The marnetie field modulation for the initdal period of this 
Peport was achieved by moans of only a single sweep oof] clamped on 
one pole piece, Tt wo wound with about 2500 turns of $2 pause wire 
atid wes sumplicd bith 45 cycle Voltaze oat by an audio signal 
generatsr and dmplifiers. Sweco ooll Yoltace was varied ordinarily 
an ths Panze from '20 to 60 volte es necesonry to obtain optimum 
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After the poasrenenva on Tatiunt5 wore completed, testo wore 
Eeay Stine o, enh Antnatien oaks pnt em aene Podeter to ances 
shother field noduletion was appreciably constant over the region 
ty the sample in the gap between the pole feeees Although 
“J ame lban. 0083 nade wildeh) qual’ Yoaimoat ‘hale ot’ the pole face’ 
> —_— in induced voltare of approximately fifty per cent 
1. waa noted when the coil wes held against the eenter of the face of 
the pote picee om wich the oaweep coll waa nounted and from there 
~ moved parallel with the mpapet oxie to a position against the | 
F oppeite pole tase. 
S “ho a rooult: et thes taste it was decided to mount a similar 
* eetTyen the enon yo piede ani to construct a push~pull amplifier 
to yrprhte the swoop told powor for both colle, The olreuit diagran 
of thie amplifier to stiown in Figure 6, The new coil was overewound 
by @ fou tundred ture to allow margin for oroper balancing of the 
two 9 colle, Atter the new amplifier oni aweep coll were installed 
and the sveop ssott ‘yalaneed ty removing @ certain mnber of exoons 
turns fron the navar oat, the variation in voltage induced in the 
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a probe oll wns roiuoed to five por cent or leads 

| (e) Homegent.atng of the homnbthe Picld 
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(The preparatory work: attenpted: by the writer prior to making 
any actual measurements wae performed using 3h" diameter pole 
pieces. Prior to that it fad been the custom te [11] the test 
tubes with sample solutions to @ hoight of about two and one-half 
47 
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incheas Utilining a relatively large amount. of sample in thia mmer 
ordinarily gave a otrong resonance aignal, but the eenter of the reso= 
Manso pattern usually mo lacking in the degroa of shargneas deakred 
for naximan goquracy of rqnguromemtes © 6)9 6) hy cee 

It appeared posaible that leek of desirably sharp resonance sir= 
male might be at:ributabdle dn part to inhomogeneity of the magnetic 
field over the volume ocoupied by the samples To cheek this aseump= 
tion; teat rme were wade using omeller amounts of the sample solution, 
This procedure imnediately produced sharper resonance patierns, After 
@ number of teeta it was ageortained that acosptable resonance signal 
strengthe usually eould be obtained using a depth of liquid in the tube 
renging from 1.0 to 165 ome Appreciadly less than this amount for rany 
nuclides frequently gave an unieoirebly weak signal, -xeeptions to 
this lest stetoment were the proton and the deuteron, both of which 
wore found to give strong signale marta mains bey) 
respeotivelye > yarietion ine 

In a further attempt te ashiove batter field horegenelity, the 
3" pole pleeos were replaced by othere of 6" diereters Thie change 
aloo produced on improvement in the sharpness of the resonance pattern 
jut earriod with it the slight dleadvantage of placing a lower limit 
on the maxim field strength obtainables, Mudo limitation was incon- 
yonient upon coeasions but was never foun! to be unacceptably rostrice 
tivee | ru 

In spite of the fact that the 6" pole pleoas gevo better resonance 
gatverna At appeared probpbly that an odditioml improvement in field 
homogeneity could be obtained by removing © few olight burre from the 
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pole feacs,  Jurther investisation date phasibie caubbe of field 
inhomoreneity also revealed thet neither pole face was ater 
flat nor were the two faces sufficiently parallel. To Servest all) 
except the last of these deficiencies each pole fade was carefully” 
re-mwachined to make it as flat as possible and then was ground and 
polished by hand using emery dust and jowsler's rouge as gPinding 
compounds, These efforts u sawonaiad produced reasonably let and 
smooth pole face surfaced. | ; 

After the pole pieces were ‘peinstalled a test was we 3 to 
determine the mst homogensous part of the magnetic held for delta 
occupancy. For this cheek @ small probe oseiliator was employed — 
using a sample of only | pas: five or glx drops of enter from which 
to obtain proton resonance, Initial results indicated thet the 
magnstie field even near the center of the pole faces varied aq a 
much or more than five gauss when the proton probe was moved a hal? 
inch in practically any direction. The. pattern of variation in _ 
dicated however, that shimming ons sige of one of the pole. ceaseilies . 
might produce beneficial reaultos A long process of (trial and erter 
shimming ttn thin aE ae FAP shims eventually produced a field 
which varied appreciably leas ietie one gauss over & region oufti- , 
ciently baSie to accomodate the desired height of liquid in a 3" 7 
diamster test tube. 

The deviation of the magnetic field from tru@ homogeneity both 


before and after the remedial efforts deseribed above is indicated 


inthe graphs of Pigure 7% 
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(d) Results of Improvements 


The results obtained from efforts gpent to homogenize the mag= 
Inetie fielduare well illustrated by differences aypoaring in the 
“before and after® rosonance otgnals traced by the Zoterline=Angue 
‘rooorders The typionl "befora" trace of « sharp Feoontnes pattern 
Appeerod, o8 en uninterrupted cories of slow owing of the recorder 
‘pen in alternates direstionas . Peencaieed hssitations a the moves 
ments of the pen cocurred in this type of pattern onty at each olde 
‘limit of tho recorder paver vhon the amplitude of the “Peoonance 
Signe] excecded the meskes oaipabl Mty of the pebieterst A typheal 
pattem of this type obtained from Indiunt?5 is shown in Pigure 8s 
In this pattern one might estimate that ‘here are three resonance _ 
signale corres:ending to the central eignal and one pair of sides 
band rogonancese. “ven 90, there ia nothing in the pattern which oan 
be ohosen as serving to acparate the three theoretioally diatinoet 
Fesonance signals. >< 7 , 

The serise of resonance signals in thie vatterh would be aeen 
on the oscilloscope in the following usequence. Upon reaching the 
first resonanee band the amall Piustastiaas of the oscilloscope 
esused by random noise would be yeplaced by a ateedy buildup to a 
sustained peak of large amplitude followed presently by a steady 
decrease to a guotained valley of similar amplitude. This peake 
walley would be twlee repeatdd.by the signal recorded in Pigure Ss 
The trace on the oscilloscope in-esdhinc from valley to peak and 
vice=veroa would do so without ery significant hesitation ae the 
trace crossed the horizontal axis, At the consluoion of the signal 
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the bestdeosone would again display random noise atfoota, 
| A different resonance pattern representative of the‘ sharp v 
fatter". ‘type is shown in Fisure” « In this pattergcbtathed from | 
Qhloring’? at may be seen that the central resonance sigh is 2 
clearly eigazuted from each of the two signals of > pe. ong “aldgband 
pat eso are in evidence. This seperation appeared on “the ée- 
SA Lisesere aa a return of renton noise fluctuations for. £ peried of 
approximately one amnt-a nale ‘niraxtes wl the Sparse resonance 
signals, It may also be noticed that the width off each chen is. 
marion, a feature surely acertiutable te better £held hoans; 
geneity. af = Lae tees | ne 

Another- new feature which hae-not yet been caeepbthin) daistatindl 


is the following phenomenon to be seen in Figure 9. Observing the 3 
direction of the initial exeursions of the recorder pen in each of 
the thres separate resonance signals one notives in the right hand 
Signal that the first exetireion is toward “the top of ‘the. Paper$ that 
of the central signal 15 toward the bottom, while that ofthe left 
hand sigma ie again upwards This alternation of direction of intial 
swings of the recorder pen is not confined merely +6 first order side- 
bands but has been noticed in ell side band resonance signals ob- 
served since the. pita “homogeneity was improved. 

It will be reealled that the Bete? lime-angus yecentay receives 
ites Topat from the super-regenerative oscillator through a narrow 
band amplifier and a phase detector. No conclusion hag yet been 
reached why the resnnance aig gnai as detected by this errangement 


should behave in the above manner. Studies, however, are being 
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continued by otLer person] to attempt to explain this phenomenen, 
A dafinite advantage in one phase of raking frequency moaguro- 
In the older type of pattern one wan forced to chosba the point tr 
Figure & that only the point indented by %< sntisfies this comi= 
tons , For en aceurate measurement to be obtained it was casential 
that the swing of the pen across the region of the paper near the 
X ocour without any hesitation, Unfortunately,!in practice this 
sondition ia difficult to obtains 

With the newer resonance pattern in which each side band ro= 
fonanes sipmal was clearly distinguishable it wis discovered to be 
possible to shift to a sharp side bend &f the central resonance sige 
nal happened not to be sharp, Heving chifted to a side band to obe 
tein frequency messurements one then only head to apply the correction 

pre a 
to the observed aide band resonance frequency 24 to obtain the de» 
sired tut unobscrved central reeonmnes frequency 27. The relation 
employed for thie purpose is 
1a Mater Mey 

in which m, the order of the side! band, is csiven the appropriate 
algetrale signe | 

Measurerants obtained from side bands were in no manner less 
agcurate than those obtained from the central resonance signal. 

Although most muolei seldom exhibited mre than two or three 
paire of sidé bands in a resonance pattern, at least ten such pairs 
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of side bands heve hepn obesrved frequently 4p resonance signals 


produced by the deuteron in the homogenized marcnetic field. The 
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IV, © EXPSRIMENTAL R=sULTS 


The measurements to be described in this section were obteined 
by comparing in the game magnetic field the resononee frequency of 
each uncnown with that ef a known sample used as a standard, The 
magnetic moment of the uninown sample we then obtained rom the 
relation 


afin ® = $%n = Be (BNF Ie, 


In each esse the ratio ( Yatentart /” proton) tas been obtained from 
recent results published by other investigators. ‘The value used for 
the pefeotor « of the proton was 

| Bp * + 550536 + 0.00012, 
obtained fron the value Me™ (2479268 2 0400006) May? 

The probable error indieated in ‘each table for the ratio 
( untenown/ 72 ataniard ) is © measure of the internal aongistensy of 
the data. Sinee the axistense of systemtic errora as large as one 
part in twenty thousand can not be excluded, the probable error of 
the ragnathe nonent hae been computed using thesystenatée error if 
that error excseded the probable error of the ratio | : 

( urtenovn/ standard) « 

The reowlts here have not been corrected for dianmpnetie effects 
of the extraeemiclear electrons nor for the slight paramagnetic effect 
of a magnetic catalyst im those cases in whieh it is indicated that 
such a catalyst was used. 
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(a) Indium’? 


The magurenent of the ruolear magnetic nonent of In’ 5 vas 
obtained fron one este of a on turated solution of In(1105), in 506 
dy to Wien tad been added « srall anount of 1in(H0s)2 a8 & oatatyat. 
Tht wees week See vonveriamn we 304 in one 040s of a saturated 


solution of Sedls. The value for the ratio 
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ig that due to Tunten."* The date pertaining to this neagurenent 


265 luton, Deve Pnyse Rave TBs 806 (1950). 


Table 1, 
Data for Indium? 
Unimown ‘us lide Indium! 
wtendard tus lide seandium’? 
onl! | : 
“hes 0.902292 - 0.00005 
mn we?  odiliniiblastnauied ne My Qh2939.% 0.000003 
of! 
| iat - O-219202  O,000012 
ey(Int25) 1.22452 = 0,00012 
/+,(in'45) (550045 2 0.00015) 
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(b)  - Ghlerine?7 


The measurement of the ruclear menetie moment of 017! presented 
in Table 2 was obteined using a saturated solution of approximately 
ONS G60. Of LIOL te which had been added a small amount of Mndlp as 
& magnetic catalyst. The deuteron resonance frequency used as a stand- 
ard was obtained from a one Ge. sample of DBo0, The value of the ratio 


Table 25 °° 


Data for Uhlorine?! — 
Unknown Wuclide Ohiorine?/ 
| Standard Nuc lide acmmante Deuteron 
aot 04531632 2 04000036 
2D 
oate . 04153506 
Kyl 
ge 040816007 + 0.000005 
g1 (91-7) 0455048 2 0.000052 
p, (oP) | 0.685722 + 04000048 
Uy 
Ww, 00155506 is taken ag being accurate to six significant 
HW 
ficurea,”! 


27— Smaller, Be, Yasmitis, %e, ami Anderson, [sls Phyge Reve 80, 
137(A) (1950)0 
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(e) Nitrogen 


The measurement, for N"* gumerized in Table 3 we obtained using 
approximately one Gees of concentrated HNOs ap in @ OMG CeCe 
saturated solution of Rb01 was used as the standard, The ratio 
(% 85/1, ) was obtairied from results by Yesaitie and Smaller in 
whieh the ratio was given ago | 
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8. Yosaitis, le, and Immllor, Be Ehyge Reve 82, 750 (1951). 


Table 3. 


Veta for ‘itrogen!* 
Unknown Nuelide Nitrogen” 
Standard Nuc lide rubidium’? 
Vay t 4 
onesie, 0, 746425 = 0.000019 
ey ae 
pe. 1 foam | ee "04096552 2 0—0000002 
Vy | 
i A 
sqlite 0.072262. % 0.000002 
Uy | 
gy (i) O6t0361 & 0,00002 
Me (0) na: ea 
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_Daring the tine veh lta olapagd singe, the moamiranents.Atabed 
in Segtion IV. were obtained, another nerber of the laboratory, DPe 
Yu Ting, Ins obtained noasirenents of the meloar monetie morenta a 
of both oF ant In), In the measurement of 01° the standard used 
ves O27 im the sane samples In the case of In!23, int 5 vas used os 

a otantard, tho tn vas eontained in envisied proportions in s 
sample eouppiios on loan ty the Was, Atomie Energy Commission, The 
results tolulsted in Tables 4 and 5 inclute the romults obtained both 
by Dr. Ting and by ‘ha writen, In addition hore are Ustad in 
Table 4 for the purpose of later Shonperten, the experimental values 
of the quadrupole manante for the various muclides ac voll as the 
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miolear ‘sagmetie nonente of in and int™9 obtained t ly the atone 
bean suthol, 

It will be noticed in Table 4ithat the atomic benm values of 
the mégmetio moments of both isotopes of Indium are lese than the 
values obtained by magnetic resonance msthods, These differences 
are rush too large to be agcouited for within the probable errors of 


the experiments, S4milar discrepaneies have heen notad??1I%51 sop 
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Table 4, 
parew Detea on /,* and G . 
Buclide i AG I /yz(Mag. Rew.) /z(Atomic Beam) Q (107? en2) 


Q19> 17.18. 3/2. Oe820896 m,, | 0.0795 25 0. 
OVT,.17. 20. 3/2. O9685722.... ~0,0621. 5 a. 
Inll3 49. 64. 9/2  5e49507 5eALE a, 1.144 be 
In? ho 66. 9/2. 5.50945 52500 as 1.161 be 
um -n7, 7 MOR OR 0,02 a. 


"Values for /y by magnetic resonsanes method were obtained at this 
titutione e @ 

&s Mack, JeEe Revae Mods Phys. 22, 64 (1950). 

be Mann, Ask., and Kusch, P, Physs Rev» 77, 427 (1950). 


Table 5. 
Comparison of Results with Those Obtained ilsewhere 
Nuc lide Fr (ifage Rese /“z (Proctor and Yu") 
from Table 4) 
a1 (0.820896 + 0,000050),,  ©,8211 + 0.0001) mH. 
op? = 0.683722 £ 0.000048 0.6835 + 0.0001 
tn? 5 5.40507 + 0,00020 54972 * 0,0020 
“Int 5 | 5.50945 + 0.00015 545088 + 0,0010 
yl 9440361 4 0.00002 0.40369 + 0.00006 
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The valucs of the results obtained by the writer and also, those 
by Dr. Ting as Moted.4n Table 3, are name to agree with those ob= 
tained by Proctor and Yu et “stantdea ebian one digit at the fourth 
significant figure within the lindts of probable errors. Results 
obtained by other invests gators gGinervelty eome within limits as 
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(a) Shell Theory 


“The statenent was made in Section I that no theory at provant 


is sapable of predicting magnetic voments of molides having non-zero 
evtne there is « uted of the maleus due to shouamenpiiteitl however, 


oe ada t. Hetta. 2. anaes 558 (1957). 

35, Perm, F. Muolear Diysies. mi hig horas) Sala 
Press, 1950, p, 24, ! ee 

56, Platt, J.M., and Welslitep!, Vir. Theorotical Micléar Physiés. 
New York! John Wiley & gone, 1952, pe. 38=39, 7467<7 7h. 
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whieh attempts to explain mislear regictis moments by sesuning that 
the molear spin I in en edd-even or even-odd mucleua results Srom 
the motion of the one unpaired meleon, ‘The mim of the orbital and 
spin angular romenta of all other muslear particles ie assumed te be 
wero, Yor thia model se heave 
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if the odd particle is a noutrone 2inae by assumption only the 
wantret particle contributes to the ruc leer opin I, the result mst 
follow that ge or tr ‘go that Lm Ie mist have either 
the value Lal¢} or Lule, Further, the parity of the state 
of the molous mat be either odd or even, tut oamet be both, so the 
orbital angular momentbuari D of the unpeired mucleon mist be either 
Volek of Lat <% With these asoumptions it is poaakble to 
derive the Schmidt equations’? in the following forme: 
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370 Forni, se Hughes ivatege Ghieage: The Undvereity ef Ohieage 
reas, 1950, ppe 19-2le 7 


fp L + 2929 edd proton, 1 = Lo jy 


2. 
me (.A9L 
SE treme monn ewes meee —— odd proton, la bw 
a6 at Tt , &, 
on Oy) ee | odd neutron, 1 = +3, and 
fey nee LaF odd neutron, Tal ad 
L[+/ * 


Sines the assumptions require that I= 2}, the Sehmidt 
equations thus will yield two values for the predicted , of any 
particular muclide. It is found in practice that miclear marnetic 
moments observed to dete will, with only a few exceptions, lie between 
the two values ylelded by these equations, those observed values 
which are exceptions fall outside of these limits only by compara- 
tively email amounts. 
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Unfortunately, the difference between the two Jchmidt limits 
extends over ranges covering differences from two to four miolear 
magnetons. OES Tack GE setae AORRRRNY Si eee TENN: 
of the theory. : 

By adopting some of the results contained in the theory of 
glosed shells in meled as propoasd by Mayer and others it is 
possible to mit the choice of AL for the od@ particle to only ons 
valus. ty this theory it 5 found that L = 2 sor sini? ext i 
for tnll3 ead Inll5, Leeds ie “) ALGER? 

"he two values of the nuclear mgnetie moments predisted by the 
Sohmiat equations tor 0199. end 0D7, tor Int and Int5, and tor wit 
together with the observed values ore Mated in table 6s The valaes 
obtained ty using the miclear shel theory remilta for vith the 
appropriate Sohne equation to obtadn a single — for each Ave 
indicated y anteriakes | 
The exanples in table 6 are 2 X00 frees in 1 mamber to Anitoate 

the proper decree of merit, whieh should va ned to the atove 
ratio’ of attempting to predict ve.luss of Wa o That this procedure: 
leaues mich to be desired would be. seen, however, 1f one.were to , 
consider the oases vndoh should be predicted nost ‘eoourately. ea 
eases consist of nuclides with ean even mumber of neutrons and one 
nare proton than the marber roqutred to complete the ‘filling of g 
shell. It would seem in these cases that fairly close. agreement 
showlé be obtained between theory and experiment, for the filled 
"sore" of protons should be ephevteatty symmetric and the menetic 
moment should be due only to the one additional proton. Sut even 
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Table 6, 
| Predictions of (1, Prom Schmidt Uquations and Shell Theory 
Nuelide Spin a "Py (Sehmidt Model) deathasninasld “pase, 
(Shell Theory) lower Higher _— (S.m.-oas.) 


1prr 3/2 2 0.126" 34.79 04620896 304695 
pr! 3/2 2 0.126 «5.790.683 00.458 
oth 9/2 * 2360 EST BRB OT Fg 
jot 19 9/2 h 2.60  § 6.79%. . 5.50945. #1.28 ~ 
x al ry ‘(= = = -Not Applicsable= = -) ~ 0.40361 


* indicates value obtained using L from melear shell theory. 
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in these cases the predictions are found to be no more accurate than 
those in many cases leas favorable? 
Int 3 and tnt}, two of the vei represented in Teble 6, 
belong to a class of igotopes having identical spins but having 
NwA-+4 differing by two, where N is the number of neutrons in the 
miclide. Frequently, pairs or triplets of isotopes of this type have 
almost identical magnetic moments. Sxamples of these are Agl°T and 
Ag?©9; g199, 99195, ana og???s 117 and 117; and In’ ana 1nt25, 
This indicates that the protons, which according to Schmidt theory 
are responsible for the magnetic moments of all of these even-neutron 
muclei, do not have their arrangement very greatly disturbed when two 


more neutrons are added to the muicleus. tn? and In?29 
36 


alse have 


very similar quadrupole moments and isomeric levels. 
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moment, bat if the state of this of proton can be ascertained fron 
the, molear apin and the aagnetic sozent, 1b te possible te arrive 
St & fairly good value for the quadrupole, moment.” The molear shell 
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3Se Townass Gelley Foley, Hells, and Low, We Lhyge Reve 1G, 15 (1p49). 


node alsc leads te other less quantitative conslusions concerning 
quadrupole momentte — gr aed 
oot») TOwmes.and his sauetorsere have, ential a prety noel of 
the proper behavior of known quadrupo2s roranta but leaves the pre= 
dictions of some of theiy magnitudes appreciably in errors Inds. 
model is characterized by the followings 6... |. i 
a Teshrone ant, putea, 1% tute, sinele pextiols. enn tain 
achens similar to those proposed for correlating spina, tiua pro- 
ducing what may be called proton ami neutron shellas " 

_ 29 Proton and neutron shella tend to be oriented or polerised 
: alloy maximum overlap between proton and neutron distributions. 

_ Thho model ia stated by its originators to lead to the meer 
ing conclusions: 
., . Se For sn oddeproton micleus, the quadrupole moment, ids 
primerily dependent on the munber of protons P and can be written 
8p oda 7 Sp(?)» dn whieh Q, is always positive imrediately before, 
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and slwaya negative immediately after a ehell is filled. 

Be Vor on odd~neutron meleus, the ragnitude ef the quadrupole 
moment, depends: on.the, number of protons, but its sign is determined 
hy the minber of neutrons, H, being given by (8,(N)/[)9,(2)]]). in 
thie expression Q(X) is the eleotric quadrupele moment whieh would 
be produced 4¢ they. ware protonay Q,(ii),48 vory nearly the sane 
funetion aa Q)(N)e 

Ss For oddeadd sats Jody estimation of quadrupole moments ia more 
complex and depents on the way in whieh the englar momenta of the 
odd neutron and odd proton add. If these moments are essentially 
parallel, the quadrupole moment should be of the #188 sign and approx~ 
imately the same magnitude as for a similar odd=proton moleus, If 
the neutron and preten angular momenta are not sasentially pareliel, 
the quadrupole moment magnitude should be considerably reduced. 

Generally it may be said that the mioelear shell model does not 
give correct values of 2e This is in contrast to the molear magnetic 
roments, for which on appropriate admixture of states of one micleon 
eam account for the magnetic moment of the mueleus, although this 
procedure does not appear very plausible by evan the prasntly kmown 
fasts about the micleus. Large quadrupole moments demand an appre= 
eiable contribution from the protons which, according to the shell 
model, are in closed shells, For this contribution to be realised, 
it appears thet anguler momentum would have to be shared between 
the protons of the ineorplete ent of the filled shells, This polar- 
ization and the lerge asymmetry of distribution of meleons is not 
eritirely compatible with the single-particle central field concept 
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